Abstract-We have developed a computational approach which predicts the protein kinases that may regulate the transition between the blood developmental stages of Plasmodium falciparum (P. falciparum). To improve the accuracy of our prediction, synchronized gene expression levels are reconstructed from the observed microarray data generated by the ensembles of non-synchronized cells. Peaks in annotated protein kinase transcript levels are hypothesized to directly correlate with the period when the encoded protein kinases function temporally. Therefore, protein kinases, which putatively regulate a given developmental stage transition, are identified by their peak in synchronized gene expression levels. By analyzing publicly available microarray data set, a few protein kinases are considered to be strongly associated with developmental stage transition. Two of these (PF13 0211, PFB0815w) have recently been implicated in the schizont to ring transition [1], [2]. Another one of these identified (MAL7P1.144) has been found to influence erythrocyte membrane in both trophozoite and schizont [3]. Overall, these results suggest that further functional analysis of the other protein kinases we have predicted may reveal new insights into P. falciparum blood stage development.
BACKGROUND
Malaria is a mosquito-borne disease of humans, affecting about forty percent of the global population and leading to over one million deaths annually [4] . This disease is caused by any of four species of Plasmodium parasites, of which P. falciparum is the most virulent one and is responsible for the majority of human fatalities.
P. falciparum is transmitted by mosquito. When an infected mosquito bites a person, the P. falciparum is injected into the bloodstream in the form of sporozoites. Once it invades the human body, P. falciparum sequentially infects the liver and blood. In particular, sporozoites first travel to the human liver and multiply in the liver cells. After several days, tens of thousands of P. falciparum in the form of merozoites exit from infected liver cells and begin to invade red blood cells (RBCs). This invasion is also called the intra-erytrhocytic developmental cycle (IDC). During IDC, P. falciparum invades and propagates rapidly in RBCs, causing the common symptoms of malaria such as chills, fever and sweating.
Hundreds of protein kinases have been identified in P. falciparum [5] , [6] . Considering the difficulty to infer the function of each protein kinase from biological experiments, we propose a computational approach to predict the protein kinases which may regulate the stage transitions in IDC. Hence further experimental study can focus on the few protein kinases predicted by our approach, rather than on hundreds of them. The proposed approach is inspired by two observations. Firstly, the peak in the gene expression level usually indicates that the function of the encoded protein is required [7] . Therefore, the protein kinases which appear a high expression level when stage transition occurs have a high likelihood to be involved in regulating this transition. Secondly, owing to the lack of synchrony among iRBCs, the peak pattern just mentioned is not readily apparent from the observed microarray data, which is measured from an ensemble of non-synchronized iRBCs. In the microarray experiment, for example, iRBCs are usually synchronized by sorbitol treatments in the beginning. However, due to the individual diversity, iRBCs gradually lose synchrony over time as the experiment continues [8] , [9] . Now it is still an open problem how to ensure the synchrony of iRBCs in microarray experiment.
We analyze the microarray experiment and identify three main factors which drive the iRBCs out of synchronization: diversity of infection time, diversity of growth rate, and newly infected RBCs. Dan et al. have presented a gene expression deconvolution algorithm to remove the effects of diversity in cell growth rate [10] . However, growth rate is not the only reason leading to decaying synchrony. Therefore we model the decaying synchrony and proposed our method to reconstruct the synchronized gene expression levels from observed microarray data. Then the desired protein kinases can be better predicted from the synchronized gene expression levels.
The materials section describes the microarray data used in this work. The details of proposed approach are presented in the methods section. Our results are discussed in the results section. The conclusions are given in the end of this paper.
MATERIALS
A publicly available microarray data for the P. falciparum strains 3D7 is used in this work [8] , [9] . The expression levels of 4022 oligonucleotide sequences has been previously measured at fifty three time points with one hour interval. As some data are not valid in the original data set, only the oligonucleotide sequences with valid data over all fifty three time points are used in this work. After the quality filtering, 2623 oligonucleotide sequences are collected in total.
Eighty-two protein kinases involved in the P. falciparum life cycle are identified by retrieving the PlasmoDB database. Since protein kinases may have several unique oligonucleotide sequences, eighty-two of protein kinases were represented by one hundred and seven of the oligonucleotide sequences. For the protein kinases which have multiple expression curves, average trace is calculated from multiple curves to represent the protein. Finally, the gene expression levels of eighty-two protein kinases are collected from public data set and used in this study.
METHODS
There are two main components. Firstly, a method is proposed to extract synchronized gene expression levels from the microarray data: the decaying synchrony among iRBCs are modeled as a series of cell age distributions changing radically over time. The process of how gene expression curve are generated from non-synchronized cells is modeled as a linear system. The synchronized gene expression curves are reconstructed by solving the discrete linear system as a discrete linear inverse problem. Secondly, based on the synchronized gene expression curves, protein kinases are prioritized by their likelihood of being involved in the desired stage transition.
Analysis of decaying synchrony
We assume that there are three main factors which drive the iRBCs out of synchronization in the experiment.
In the original experimental setup, late-stage Schizonts are synchronized by six sorbitol treatments on three generations [8] , [9] . Prior to the first microarray time point, fresh RBCs are infected by late-stage Schizonts within two hours. After the two-hour-invasion, the concentration of RBCs is reduced from 14 percent to 3.3 percent to reduce the invasion of remaining RBCs. Our first concern is that the invasion of RBCs did not occur simultaneously in the twohour-invasion. Furthermore, still can RBCs be infected as long as Schizonts remain after the two-hour-invasion. In the experiment, considerable Schizonts are alive for five hours after the two-hour-invasion.
Let N (t) be the total number of iRBCs at time t, and n(t) be the derivative function of N (t). In the perfectly synchronized case that all RBCs are simultaneously infected, n(t) should have positive value only at one time point. In practical situation, however, n(t) has a high value during the two-hour invasion, and it maintains positive for five hours after concentration is reduced to 3.3 percent. Actually the value of n(t) can be monitored during the microarray experiment. As the original data set did not report this data, we assume that n(t) is in directly proportional to the concentration of RBCs. Hence it can be approximated as a piecewise function:
Let
It is also observed in the experiment that iRBCs grow with different growth rates [8] , [9] . For example, if a large amount of RBCs are simultaneously infected in the beginning, after several hours few iRBCs can reach the next stage faster than the majority of the iRBCs. This phenomenon give rise to our second concern that the diversity of growth rate gradually decays the synchrony, even if RBCs are well synchronized in the invasion period. In this work, the random variable of growth rate is assumed to follow the Normal distribution: r ∼ N (1, σ 2 ). The value of σ is adjusted to fit the experiment observations.
Due to the diversity of growth rate, a few iRBCs can reach the late-stage of Schizont early. As a result, additional fresh RBCs will be infected by those fast-growing iRBCs. This is also observed in the experiment [8] , [9] . Let N 2 (t) be the number of RBCs which are infected in latter part of experiment at time t. N 1 (t) stands for the RBCs which reach the end of their life cycle at time t. N 2 (t) is approximated as a linear function on N 1 (t):
The invasion factor a indicates the average number of fresh RBCs will be infected by one fast-growing iRBCs.
Simulation of iRBCs population distribution
Let p(h, s) be the probability that a RBC with h hours of invasion reach the cell stage s. Therefore, the number of iRBCs which reach cell stage s at time t is described as:
If we consider the RBCs which are infected by the fastgrowing iRBCs as well, (3) is updated as:
where T indicates the average life length of iRBCs.
As mentioned previously, s = hr and r ∼ N (1, σ 2 ). Consequently, we have the expression of N (t, s):
Modeling of gene expression level
The gene expression levels obtained in the microarray experiment are the ensembles of individual iRBC. How iRBCs are accumulated together is modeled as a linear system. Let f i (s) be the expression level of individual iRBC on the protein i when the iRBCs reach the cell stage s, and e i (t) indicates the observed expression level on the protein i at time t . As N (t, s) denotes the number of iRBCs which reach cell stage s at time t, e i (t) is described as:
As the average life length of iRBCs is forty-eight hours, the continuous function f i (s) is approximated as a series of discrete points. The number of iRBCs at stage s is also represented as discrete points. Therefore, the integral of N (t, s) and f i (s) is approximated as:
In the microarray experiment, the expression levels are measured from first time point to the fifty-third time point with one hour intervals. Therefore, a linear system can be derived based on (7): (1, 1) . . . N(1, 48)  N (2, 1) . . . N(2, 48) . . . . . . . . .
Notice that the above linear equations describes a discrete linear inverse problem. The t-th row of observation matrix A denotes the iRBCs population distribution at the time point t. The unknown variable vector x is the desired perfectly-synchronized expression curve on protein i. The constant vector, b, stands for the observed expression level of protein i.
Reconstruction of synchronized expression level
For each protein i, the observed expression level is modeled as the linear combination of the expression levels from individual iRBCs, as described in (8) . As there are fiftythree equations with only forty-eight unknown variables, the linear system is overdetermined.
The objective function for the described inverse problem is derived in following. Firstly, a lower bound is assigned to the variables in x, because x denotes the gene expression level whose value is valid only in positive range. Secondly, the idealized gene expression level is assumed to be a smooth curve over forty-eight time points. Consequently, the numerical solution is acquired by minimizing the objective function which consists of square error and the gradients of curve:
(9) The problem described above is solved by the function f mincon in Matlab (MATLAB 7.9, The MathWorks Inc.)
Prediction of protein kinases
As we discussed above, high gene expression level is regarded as a sign that the function of corresponding protein is required. Let f i (t) be the normalized expression curve whose integral on one iRBC life length is equal to value one. The likelihood that the protein kinases i is involved in regulating the stage transition can be estimated as:
where a and b indicate the time period when the stage transition occurs.
RESULTS
As shown in Fig. 1 , the synchronized gene expression levels are reconstructed for eighty-two protein kinases. The proteins kinases which may regulate the stage transitions are identified by the likelihood calculated from (10) . As highlighted in the Table I , there are four protein kinases displaying high likelihood of regulating the transition from Schizont to Ring. There is only one protein kinase with relative high likelihood involving in the transition from Ring to Troph. None of the protein kinase has been found to be apparently involved in the transition from Troph to Schizont. 
CONCLUSIONS
This paper presents a computational approach to predict the transcriptionally regulated protein kinases involved in controlling Plasmodium falciparum blood stage development. Firstly, we analyze the decaying synchrony among iRBCs in microarray experiment and proposed a method to reconstruct the synchronized gene expression level from observed microarray data. Secondly, the desired protein kinases are identified by the peaks in reconstructed gene expression level. By analyzing publicly available data set, a few protein kinases are predicted to be involved in the stage transition. Our prediction on two of these (PFB0815w and PF13 0211) have been validated in previous studies [1] , [2] . Overall, these results suggest that further study on other protein kinases we have predicted may reveal new insights into P. falciparum blood stage development for instance PFB0665w and PF11 0267.
